ABSTRACT -The microstructure of a neutron irradiated A533B pressure vessel steel weld has been characterized by atom probe field-ion microscopy. Many fine scale features including roughly spherical copper precipitates and clusters, spherical and rod-shaped molybdenum carbide and discshaped molybdenum nitride precipitates were observed inhomogeneously distributed in the ferrite matrix. The copper content of the ferrite was substantially reduced from the nominal level. A thin brightly-imaging film of molybdenum carbide and nitride was observed on grain boundaries. A large darkly-imaging copper-manganese precipitate was also observed on a boundary. Composition profiles indicated substantial enrichments of manganese and nickel a t the precipitate-ferrite interface and that the enrichment extended into the ferrite. Enrichments of nickel, manganese and phosphorus were also measured a t grain boundaries.
INTRODUCTION
The mechanical properties of the pressure vessel of a light water nuclear reactor change during service because of an embrittlement process that has been shown statistically to be associated with the presence of low levels of copper and phosphorus in the steel. In order that the maximum service life of the pressure vessel may be predicted and that the reactor may be operated safely, details of the embrittlement process must be fully understood. One of the most important aspects in understanding the embrittlement process is to follow the microstructural evolution of these steels during service.
The very fine scale of the features that are responsible for the embrittlement precludes direct observation by conventional techniques such as analytical electron microscopy. The atom probe is very suitable for this type of study because of the inherent near-atomic spatial resolution in analysis. This approach has been successfully applied to characterize several model and surveillance pressure vessel stee~s [l-~] . A high density of fine structural imperfections were observed in an Fe-0.34% Cu alloy after neutron irradiation at 28S°C by Brenner et a1.[51 It was suggested that these imperfections were copper-stabilized microvoids. Worrall and Smith examined unirradiated A533B-type steel weld and were unable to detect any deviations from a random solid solution for copper and nickel. [6] However, in an Fe-0.6 at.% Cu binary alloy examined in the same study after aging at 500°C for 100 h, some copper-rich precipitates were observed; no copper segregation to boundaries was detected.
The effects of neutron irradiation on the microstructure of an A302B pressure vessel steel surveillance sample have been investigated by Miller et a1.[~.~1 The atom probe detected, for the first time, small copper-rich and phosphorus-rich regions, and the precipitation of small rod-shaped and spherical molybdenum carbides in the ferrite matrix. This study also revealed segregation of various solutes, other than copper and phosphorus, to ferrite-ferrite and ferrite-cementite interfaces. Small copper clusters that were enriched in nickel and manganese were observed in neutron-irradiated modified A533B pressure vessel steel weld metal by Burke et a1.[2s41 In this paper, an atom probe field-ion microscopy characterization of the fine-scale microstructure of an A533B pressure vessel steel weld after both neutron irradiation and thermal annealing at the irradiation temperature is described.
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EXPERIMENTAL
The composition of the A533B-type submerged arc pressure vessel steel weld [?] used in this study is given in Table 1 . The weld was stress-relieved'for 50h at 620°C prior to irradiation. This weld steel was irradiated to a neutron fluence of 1~1 0~~c m -~ (ErlMeV) in the University of Virginia reactor at 288OC for -1 year. Unirradiated control material thermally aged for 556h at 288OC was also examined for comparison. All atom probe anal ses were performed at 50-60K with a pulse fraction of 20% in the ORNL energy-compensated instrument.%] Field-ion needles were electropolished using standard from blanks that were cut from miniature Charpy V-notch specimens.17] All compositions are quoted in atomic percent. 
RESULTS AND DISCUSSION
The general microstructure of the A533B weld material consisted of ferrite and a variety of small precipitates including cementite. The fine scde features were characterized from field-ion micrographs and atom probe analyses. Marked inhomogeneities in the distribution of second phases throughout the ferrite matrix were evident.
A high number density of small darkly-imaging features were observed in the field-ion microscope. Their size was generally less than 1 nm, as shown in Fig. 1 . Atom probe analysis revealed that the majority of these features were enriched in copper. Whether these features should be classified as clusters or true precipitates is unclear due to their small size and diffuse nature. Phosphorus was detected in a high proportion of these features. A composition profile through one such "precipitate" indicated the presence of significant concentrations of nickel, manganese and silicon, Fig. 2 . Detailed examination of this profile revealed that the enrichment of nickel and manganese extended for a short distance into the ferrite. No small darkly imaging features were observed in the thermal control material confirming that their formation was irradiation-induced.
In addition to these small "precipitates", a coarse darkly-imaging precipitate was observed on one side of a ferrite grain boundary, as shown in Fig. 3 . The composition of the precipitate was determined to be 83.6 k 1.2% Cu, 14.6 2 1.1% Mn, 1.5 + 0.4% Ni and 0.3 2 0.2% Fe. This high manganese level can be accommodated in the a copper single-phase field. A composition profile taken from the center of the copper precipitate into the ferrite matrix revealed substantial enrichments of manganese and nickel at the interface, Fig. 4 . The values of the enrichment factors with respect to the composition of the ferrite and the precipitate are summarized in Table 2 . The size of this large precipitate suggests that they were formed during the stress-relief treatment. Atom probe chemical analysis of the ferrite matrix revealed that the copper content was considerably reduced from the nominal bulk level, both in the irradiated and in the thermal control materials, Table 3 . The copper depletion in the thermal control material is consistent with the precipitation during stress relief. There appears to be sufficient copper remaining in solution after the stress-relief to form the small "precipitates" at the lower irradiation temperature of 28a0C, where there is presumably lower solubility. It should also be noted that at 288OC the thermal mobility of cop er in iron is effectively non existent and an additional mechanism is required for the enhanced Table 3 . Atom probe composition of the ferrite matrix (atomic %). Some small brightly-imaging precipitates were observed in the ferrite in the irradiated welds. These precipitates were classified as either a) roughly spherical and rod shaped molybdenum carbides, Fig. 5 or b) disc shaped molybdenum nitrides, Fig. 6 . Phosphorus was associated with many of these fine precipitates. Some coarse molybdenum carbides, Mo2C, (>50nm in diameter) were also observed, Fig. 7 .
The composition of one precipitate was 63.6 + 1,4% Mo, 2.4 + 0.4% Fe, 2.1 f 0.4% Mn, 31.4 f 1.4% C, 0.09 + 0.09% P, 0.26 + 0.15% 0, and 0.17 + 0.12% N. Phosphorus enrichment was detected at the Mo2C-ferrite interface.
A brightly-imaging nearly-continuous film was observed on grain boundaries in both the thermal control and irradiated samples, as shown in the evaporation sequence depicted in Fig. 8 . Atom probe analyses revealed this film to be a combination of molybdenum carbides and nitrides. In contrast, no molybdenum carbides or nitrides were evident at either the copper precipitate/ferrite boundary or the grain boundary/precipitate interface, Fig. 3 . As summarized in Table 4 , substantial enrichments of nickel, manganese and phosphorus over the nominal bulk levels were detected at the grain boundaries. These results are in agreement with previous Auger results on thermally aged A533B steel which also provided evidence of phosphorus segregation to grain Full details of the metallurgical implications of this round robin investigation are beyond the scope of this paper and will be presented in detail elsewhere [12] .
CONCLUSIONS
This APFIM investigation has clearly demonstrated the complex and diverse reactions that occur in neutron-irradiated pressure vessel steel welds. The chemistry of the small irradiation-induced "precipitates" reveals the importance of examining actual reactor materials to elucidate the roles of manganese, nickel, silicon, and phosphorus in the embrittlement process. Furthermore, the ultra-fine size of these features and the spatial distribution of the various elements at these features is difficult to characterize by other techniques. in irradiated A533B-type submerged-arc pressure $ vessel steel weld. These darkly-imaging features Fig. 2 . Atom probe composition profile through a small copper "precipitate" revealed enrichments of nickel, manganese and silicon. These enrichments extended for a short distance into the ferrite. Fig. 4 . Atom probe chemical analysis of the copper precipitate in Fig. 3 . revealed that the interface was enriched with nickel and manganese. Small spherical brightly-imaging molybdenum carbides were observed in the ferrite in the irradiated A533B welds. Small brightly-imaging disc-shaped molybdenum nitrides were observed in the ferrite in the irradiated A533B welds. Fig. 7 .
Some coarse MozC carbides were observed in the irradiated weld material. Fig. 8 . Grain boundaries were decorated with a brightly-imaging film of molybdenum carbides and nitrides in irradiated and unirradiated materials.
